Hydrophobins are small (ϳ100 aa) proteins that have an important role in the growth and development of mycelial fungi. They are surface active and, after secretion by the fungi, self-assemble into amphipathic membranes at hydrophobic/hydrophilic interfaces, reversing the hydrophobicity of the surface. In this study, molecular dynamics simulation techniques have been used to model the process by which a specific class I hydrophobin, SC3, binds to a range of hydrophobic/ hydrophilic interfaces. The structure of SC3 used in this investigation was modeled based on the crystal structure of the class II hydrophobin HFBII using the assumption that the disulfide pairings of the eight conserved cysteine residues are maintained. The proposed model for SC3 in aqueous solution is compact and globular containing primarily ␤-strand and coil structures. The behavior of this model of SC3 was investigated at an air/water, an oil/water, and a hydrophobic solid/water interface. It was found that SC3 preferentially binds to the interfaces via the loop region between the third and fourth cysteine residues and that binding is associated with an increase in ␣-helix formation in qualitative agreement with experiment. Based on a combination of the available experiment data and the current simulation studies, we propose a possible model for SC3 self-assembly on a hydrophobic solid/water interface. Proteins 2006;64:863-873.
INTRODUCTION
Hydrophobins are a family of small proteins that appear unique to mycelial fungi. They are found in a waterinsoluble form on the surfaces of different fungal structures, such as aerial hyphae, spores, and fruiting bodies. [1] [2] [3] Hydrophobins are surface active and are able to self-assemble into an amphipathic membrane at hydrophobic/hydrophilic interfaces, thereby reversing the hydrophobicity of the surface. 4 -10 Not only does this make hydrophobins interesting from a biological perspective but also suggests a wide variety of medical and industrial applications. 1, [11] [12] [13] [14] [15] [16] Many genes coding for hydrophobins have been identified. The different hydrophobins identified to date show only limited sequence identity. For example, between the three hydrophobins of Schizophyllum commune, SC3, SC4, and SC1, the sequence identity is only 39%. This decreases to 11% if another two hydrophobins, RODA and EAS, are considered simultaneously. 1, 17 Despite the variations in sequence, all known hydrophobins have eight cysteine residues, the spacing between which is conserved and which are believed to form four intramolecular disulfide bridges. 18, 19 Hydrophobins can be classified into two classes based on differences in their hydropathy patterns and the solubility of the assembled membranes. 17 Class I hydrophobins form insoluble membranes with rodlet structures on the hydrophobic side of the assembled membranes. 5, 6, 9, 10, 19, 20 Class II hydrophobins do not display rodlet structures and the assembled protein membranes are less stable. 7, 21 SC3, secreted by S. commune, is the best characterized of the class I hydrophobins. It is involved in the formation of aerial hyphae and in the attachment of hyphae to hydrophobic interfaces. 3, 6 Fluorescence resonance energy transfer (FRET) measurements indicate that SC3 is primarily dimeric in solution. 22, 23 When the soluble form of SC3 is exposed to a hydrophobic surface, an increase in ␣-helical content is observed both by circular dichroism spectroscopy and by fluorescence measurements. 22, 24 FRET experiments indicate that upon binding to Teflon, SC3 dimers dissociate, adopt the ␣-helical state, and become immobilized. 22, 23 The ␣-helical state is stable on Teflon (Ͼ10 h). At an air/water interface, the ␣-helical state rapidly converts to a stable assembly consisting primarily of ␤-sheet. 22, 24, 25 SC3 has also been shown to selfassemble at an oil/water interface.
To determine the region of the protein responsible for binding to specific surfaces, fragments of SC3 have also been studied. Performic acid-oxidized SC3 (PFA-SC3) has been specifically digested by endoproteinase Asp-N at the sites of the eight cysteine residues and the aspartic acid in the loop between the third and fourth cysteine. Matrixassisted laser-desorption/ionization-time-of-flight measurements have been used to identify two peptide fragments that have high affinity for Teflon. The peptides are Cys39 -Ser63 and Asp64 -Ser72, corresponding to the first and second half of the loop between the third and fourth cysteines. The circular dichroism spectrum of the peptides bound to Teflon suggests the formation of an ␣-helical state. When PFA-SC3 is bound to Teflon, the region Cys39 -Ser63 has been found to be highly protected from hydrogen/deuterium exchange, indicating a low solvent accessibility. Together, these data suggest that the loop region between the third and fourth cysteines is responsible for both binding and the transition to the ␣-helical state. 27 Mature SC3 has 31 amino acids preceding the first cysteine residue and contains 16 -22 mannose residues attached to the 12 threonine residues in this region. 24 The deletion of 25 of the 31 residues at the N-terminus of SC3 also results in the removal of all mannose residues. This has been reported to have no effect on either the selfassembly or the changes in secondary structure observed on binding to hydrophobic surfaces. The deletion does, however, change the physiochemical properties of the hydrophilic side of the assembled membrane. 13 When N-terminal truncated SC3 (trSC3) is expressed in the fungus S. commune, posttranslational modification results in one glycine at the N-terminus frequently being removed, leading to the presence of two peaks in mass spectra. However, the two protein species (with and without the N-terminal Gly) behave in a similar manner at interfaces both in terms of self-assembly and changes in secondary structure (data not published).
A major factor limiting the further understanding of the binding and assembly of SC3 at interfaces is the lack of a detailed, three-dimensional structure. Attempts have been made to use molecular dynamics (MD) simulations to study the folding of the trSC3 (without the N-terminal Gly) in solution and at a hexane/water interface. 28 In that work, the disulfide pairing indicated in Figure 1 (a) was used to constrain the structure of the protein. 18 This disulfide pattern, which had been inferred from early experimental data, was widely accepted to be correct at that time. The simulations performed using this disulfide bridging pattern (i.e., Cys 1 to 2, 3 to 4, 5 to 6, and 7 to 8) suggested that trSC3 at a hexane/water interface underwent a rapid disorder-to-order folding transition leading to an elongated planar structure with extensive ␤-sheet content.
Recently, the first three-dimensional structure of a hydrophobin, that of HFBII, a class II hydrophobin from Trichoderma reesei, was determined at 1.0 Å resolution using X-ray crystallography. 29 The structure is a symmetric dimer with the two monomers packing against each other via a hydrophobic patch. The monomer is a compact single domain protein with a novel fold. Most importantly, the disulfide pattern that had been suggested previously was not observed [ Fig. 1(b) ]. Although the overall sequence identity between class I and class II hydrophobins is weak, the disulfide pattern and spacing are conserved. 17 Therefore, it is highly likely that the disulfide pairing in class I hydrophobins, such as SC3, will be the same as that found in HFBII.
In the current study, we use the structure of HFBII to propose a three-dimensional model of trSC3 (without the N-terminal Gly) incorporating the disulfide bridge pattern found in HFBII as constraints. This model for trSC3 was subjected to extensive MD simulations in water to refine the structure. We then investigated the behavior of two alternative conformations of trSC3 monomer at different hydrophobic/hydrophilic interfaces in order to shed light on early events during binding and self-assembly. Finally, a 23-residue fragment corresponding to the region Asn41-Ser63 in SC3 was studied. Simulations performed on this peptide were used to investigate the difference in behavior of a monomer and a dimer at various interfaces.
MATERIALS AND METHODS trSC3 Structure Prediction
trSC3 is composed of 86 amino acids. Starting from the sequence of native SC3, the 29 N-terminal residues were removed and substituted by the sequence Gly-His-Pro, which is found in many hydrophobins at this position. The structure prediction protocol consisted of three steps: sequence alignment, model building, and structure refinement. First, the sequence of trSC3 was submitted to the SPARKS server (http://phyyz4.med.buffalo.edu/hzhou/ anonymous-fold-sparks2.html) to determine the optimal template for model building. SPARKS is a fold recognition method based on the combination of a profile-profile sequence alignment and an elaborate threading function. 30 The top 10 matches were ranked according to their significance score (Z-score). Despite its low sequence iden- 29 The best match using the SPARKS server was with pancreatic lipase (PDB ID: 1lpb); however, because this protein does not contain equivalent cysteine residues, it was not considered a suitable target. One monomer (chain A) from the dimeric structure of HFBII was used as the template to build alternative models for trSC3. A total of 10 models were built using the program nest with different random number generator seeds. nest is a recently developed homology modeling program based on a rigid-body assembly of structural elements with loops modeled using an artificial evolution algorithm. 31 The default parameters were applied. The 10 models were then refined using the TINKER package. 32 An all-atom OPLS-AA force field [33] [34] [35] [36] [37] was used together with the mAGB implicit solvent model. 38, 39 The 10 structures were subjected to energy minimization using the LBFGS quasi-Newton nonlinear optimization algorithm.
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MD Simulations
All simulations were performed in explicit solvent using the GROMACS (Groningen Machine for Chemical Simulation) package [41] [42] [43] in conjunction with the GROMOS96 43a2 force field. 44, 45 The simulations were performed at constant volume in a periodic rectangular box. To evaluate the nonbonded interactions, a twin-range cut-off of 0.9 and 1.4 nm was used. To minimize the effects of truncating the electrostatic interactions beyond the 1.4-nm long-range cut-off, a reaction field correction was applied using a relative dielectric constant of 78. 46 Explicit hydrogen atoms in the force field were replaced by dummy interaction sites, the positions of which were constructed each step from the coordinates of the heavy atoms to which they are attached. This allows a time step of 4 fs to be used without affecting the thermodynamic properties of the system significantly. 47 Covalent bonds in the protein were constrained using the LINCS algorithm. 48 The SETTLE algorithm was used to constrain the geometry of the water molecules. 49, 50 During the simulations, the temperature was maintained at 300 K by coupling to an external heat bath with a relaxation time of 0.1 ps. 51 The protonation state of ionizable groups in each of the proteins was set appropriate for pH 7.0. No counter-ions were added to neutralize the system. We note in this regard that at pH 7.0 there are only four charged residues on the protein and the net charge is only Ϫ2. Statistically, counter-ions would only rarely be found within the box volume simulated (at realistic protein concentrations). A cubic box with an edge length of 5.3 nm was used in the reference simulations so that a minimum distance of 1.0 nm was always maintained between the protein and the edge of the unit cell.
Interface Simulations trSC3 model
To obtain the starting configuration for the simulations at the different interfaces, one dimension of the box used in the 400-ns simulation was increased to accommodate the hydrophobic phase. For the air/water system, the z-axis of the initial cubic box was extended by 3.0 nm. The volume of the new cell, which in part contained vacuum, was then held constant during the simulations. The trSC3 molecule (SCI or SCII) was initially restrained at the center of water phase until the system had equilibrated. An identical procedure was used to generate the oil/water interface except that the oil phase consisted of dodecane molecules which are liquid at 300 K. For the hydrophobic solid/water interface, a solid surface was mimicked by a hydrocarbon lattice composed of seven planes of cyclohexane-like molecules. The molecules in the "chair" conformation shared the same orientation and were aligned side by side on each plane. Such a plane was then duplicated seven times to form a hydrophobic lattice 1.4 nm thick, with a distance of 0.2 nm between every two adjacent planes. The lattice was placed at one side of the water phase. The box was extended by 1.4 nm in this direction. The lattice remained static in the simulations. The oil/water and the solid/water interfaces were also simulated at constant volume after 10 ps of equilibration at 1 bar with position restraints on the protein.
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Fragment Asn15-Ser37
A 23-residue peptide fragment corresponding to residues Asn15 to Ser37 in the first half of the 14 -47 loop in trSC3 was extracted from the homology model. Starting from this coiled structure, two 100-ns simulations in aqueous solution were then performed. The final configurations, termed LPa and LPb, were used for further studies. Three simulations of 200 ns each were then performed in water: one of the configuration LPa, one of the configuration LPb, and another of a system containing both LPa and LPb. In this system, LPa and LPb were placed initially in a random orientation with a minimum distance of 1.0 nm between the two peptides. The rapid (Ͻ1 ns) formation of a peptide dimer (termed LPa/LPb) was observed. The structure at 100 ns, termed LPab, was taken to represent a possible dimeric state of the peptide. LPa, LPb, LPa/LPb, and LPab were then used as starting configurations in a series of simulations at different interfaces. The two interfaces, air/water and hydrophobic solid/water were prepared as for the trSC3 model.
RESULTS
Structure Prediction
Based on sequence and structural information, the structure of HFBII (PDBID 1r2m) was identified as one of the top matches to the N-terminal trSC3 by the SPARKS server. 29, 30 The sequence alignment is shown in Figure 2 , along with the secondary structure assignment for 1r2m obtained using the DSSP criteria and the secondary structure predicted for trSC3 using PSIPRED. [52] [53] [54] Although the sequence identity between trSC3 and HFBII is only 17%, the SPARKS server did align the cysteine residues in the two sequences, supporting the proposal that the disulfide bonding pattern is conserved between class I and class II hydrophobins. Two large insertions in the trSC3 sequence (13 and 8 residues, respectively) between the third and fourth cysteines resulted in a much larger loop than that found in HFBII. A small part of this loop (Thr26-Leu29) in trSC3 was predicted to form a helical structure. In contrast, in HFBII, a 10-residue region around the fifth cysteine, which contains several hydrophilic residues, was found to be helical. The first monomer (chain A) of HFBII was used as a template to construct 10 candidate homology models for trSC3 all of which shared the same fold motif. After energy minimization, the best model was selected considering both the total energy of the system and whether critical structural features were maintained (e.g., the overall fold and disulfide pairings, as determined by visual inspection). This model contained a small region of ␤-sheet that formed during energy minimization. The cysteine bridges 14 -47 and 67-80 are exposed at the protein surface, connected by sequential cysteine residues (i.e., the third and fourth Cys as well as the seventh and eighth Cys). The other two linkages, 6 -66 and 13-60 are buried inside the structure, providing a connection between the N-and C-termini of the protein. Figure 3 shows a superposition of the initial model of trSC3 and the structure of the HFBII monomer used as a template. Note that the disulfide bridges in both the model and the template structure nearly coincide. In addition, the loop region between the third and fourth Cys in trSC3 locates closely to the corresponding region in HFBII. In HFBII, this region is involved in the formation of a hydrophobic patch which lies at the dimer interface and is believed to be important for the function of the protein.
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SC3 Model in Aqueous Solution
Although SC3 exists primarily as a dimer in solution, the dimer is in rapid equilibrium with monomeric SC3. The monomer is believed to be the surface active form and thus it is the behavior of the monomeric, water-soluble state of trSC3 that is of interest. 23 The template used to predict the structure of trSC3 was taken from the HFBII dimer. Thus, the initial trSC3 model could potentially incorporate some characteristics of the oligomer. To refine the structure, the initial model of monomeric trSC3 was subjected to a 400-ns MD simulation in explicit water. Figure 4 shows the positional root-mean-square deviation (RMSD) of all backbone atoms as a function of simulation time after a least-square best fit to two alternative structures obtained from the simulation at 100 and 300 ns (SCI and SCII). As can be seen in Figure 4 , large deviations are observed in the first 100 ns in both cases, indicating significant changes in the model with respect to the two reference structures. The changes in RMSD over the subsequent 300 ns with respect to SCI or SCII are relatively minor. The secondary structure content calculated using the DSSP algorithm shows some variation in ␤-sheet content during the first 100 ns, which stabilizes thereafter (Fig. 5) . The changes in RMSD and secondary structure content suggest that, after 100 ns, the system adopts a relatively stable conformation. Overall, the structural differences between SCI and SCII are small. The backbone RMSD between the two structures is 0.25 nm. However, excluding the region between the third and the fourth Cys, which is quite flexible, the RMSD between SCI and SCII decreases to only 0.14 nm. Both structures contain 4 ␤-hairpins [ Fig. 6(a,b) ]. The N-terminal region (residues 5-8) forms a plane with the ␤-hairpin of residues 50 -59 stabilized by two disulfide bridges 6 -66 and 13-60. Another ␤-sheet is formed near the C-terminus incorporating residues Glu68 to Ile78 which are associated with the disulfide bridge 67-80. The loop 14 -47 is located on the other side of the structure, extending away from N-and C-termini. The ␤-sheet content of this loop increases after the first 100 ns. Two ␤-hairpins are evident in this region in both SCI and SCII. One involves residues 15-24, the other involves residues 35-45 and forms in the same plane as the hairpin 68 -78. In the 400-ns reference simulation, some helix formation was observed but only in the loop 14 -47 and primarily in the period from 240 to 340 ns. The electrostatic potential of SCI was calculated at neutral pH and physiological salt concentration. 55 The potential mapped onto the contact surface of the molecule 56 is shown in Figure 6 (c). As can be seen, regions of high electrostatic potential are only found on the side of the SCI surface where the two termini are located. The trSC3 model in solution is thus relatively hydrophilic on this side but hydrophobic on the side containing the loop 14 -47, a feature proposed previously by Joel Mackay and coworkers in relation to the "easily wetable" class I hydrophobin EAS (personal communication).
SCI and SCII were selected to represent alternative folds of trSC3 in solution and used to initiate further studies of this protein. At each type of interface, two identical simulations of 100-ns length were performed and the results compared. One simulation was initiated from the SCI structure. The other was initiated from the SCII structure. 
SC3 Model on Air/Water Interface
As noted above, two independent simulations of 100 ns each were performed at an air/water interface, one starting from the SCI model and one from the SCII model. The SCI structure was placed in the middle of the water phase and oriented such that the loop containing residues 14 -47 projected toward the interface. The minimum distance The disulfide bridges are Cys1-Cys6, Cys2-Cys5, Cys3-Cys4, and Cys7-Cys8 corresponding to the bridges connected by the first and sixth Cys, the second and fifth Cys, the third and fourth Cys, and the seventh and eighth Cys, respectively. Fig. 4 . The time evolution of the backbone positional RMSD of the predicted trSC3 model in aqueous solution after a least-square best fit to two reference conformations SCI (black line) and SCII (gray line) which were obtained from the simulation at 100 and 300 ns. between the center of this loop (residues 20 -40) and the interface is plotted as a function of simulation time in Figure 7 (a). During the simulation, the structure oscillated between being completely immersed in the water phase and being partially exposed to the air phase (Fig. 8) .
The early stages of the simulation were characterized by a number of brief (Ͻ2 ns) binding events followed by rapid release. Later in the simulation, the protein bound to the interface for longer periods (Ͼ10 ns) via the 14 -47 loop. The percentage of ␤-sheet remains effectively constant throughout. There is intermittent formation of helix in the loop containing residues 14 -47 but no obvious correlation between the secondary structure content and whether or not the peptide was bound to the interface [ Fig. 9(a) ]. The simulation starting from the SCII model was also initiated with the protein in the center of the water phase. However, the model was rotated by 90°with respect to SCI so that the 14 -47 loop lay parallel to the interface. Interestingly, although the conformations of SCI and SCII are very similar, their interaction with the interface was quite different. In the early stages of the simulation, the SCII structure rotated in the water phase and adsorbed strongly to the air/water interface, exposing the 14 -47 loop to the air surface. As can be seen from Figure 7(b) , the protein remained attached to the interface in this position during the remainder of the simulation. Adsorption was associated with a slight loss of ␤-structure but a marked enhancement in ␣-helical content in the region of the protein exposed to air [ Fig. 9(b) ]. Note, both SCI and SCII primarily bound to the air/water interface via the 14 -47 loop.
SC3 Model on Oil/Water Interface
Two 100-ns simulations were performed at an oil/water interface, with again one starting from SCI and one from SCII. The setup of the two simulations was similar to that used for the air/water interface. SCI was initially placed such that the loop 14 -47 was pointing toward the oil phase. The orientation of SCII was rotated by 90°with respect to SCI. During the simulations, both SCI and SCII rapidly bound to the oil/water interfaces via the 14 -47 loop [ Fig. 7(c, d) ]. SCII reoriented on the oil surface during the early stages of binding. Both structures gradually became embedded in the dodecane phase along the simulations. Nevertheless, the terminal regions of both structures projected into the water phase. The secondary structure content is presented in Figure 9(c, d ). An increase in ␣-helical content was only observed in the 14 -47 loop and was more pronounced in the case of SCII than for SCI.
SC3 Model on Hydrophobic Solid Surface
As in the previous simulations, SCI was orientated such that the loop of residues 14 -47 was perpendicular to the surface, whereas SCII was orientated such that this loop was parallel to the interface. The minimum distance from the middle of the 14 -47 loop to the solid surface is shown in Figure 7 (e, f). Both SCI and SCII bind to the surface in their initial orientations and, unlike what was observed for the two fluid interfaces, the binding of trSC3 to the solid hydrophobic surface limits further motion. As SCI bound to the interface, a large region of the 14 -47 loop formed direct contacts with the solid surface (Fig. 8) . In contrast, a major portion of the 14 -47 loop remained in solution during the binding of SCII. The number of contacts between the bound substrate and the surface was monitored in both cases. Using a cut-off of 0.6 nm, the number of contacts between SCI and the hydrophobic surface is 75% higher than that between SCII and the surface. Note, the results are insensitive to the precise value of the cut-off. The difference in the binding orientation of two trSC3 models and particularly in the involvement of the 14 -47 loop, seems to correlate with differences in the adsorption to the hydrophobic surface. Interestingly, SCI and SCII also show differences in secondary structure content upon binding. In the case of SCI, the percentage of ␤-sheet in the molecule decreases whereas there was an increase in ␣-helical content in the 14 -47 loop [ Fig. 9(e) ]. In contrast, in SCII, the 14 -47 loop projects into solution. In this case, the protein attaches less tightly to the surface, the percentage of ␤-sheet is largely preserved, and no increase in ␣-helical content on binding is observed [ Fig. 9(f) ].
Fragment (Asn15-Ser37) of trSC3
As noted in the Introduction, a 25-residue peptide fragment from Cys13 to Ser37 corresponding to the region Cys39 -Ser63 in native SC3 binds strongly to hydrophobic surfaces adopting an ␣-helical conformation. 27 To investigate this region in more detail, a peptide from Asn15 to Ser37 (the first two cysteine residues were excluded) was simulated in aqueous solution and at an air/water and a hydrophobic solid/water interface. One aim of this aspect of the study was to investigate possible differences between the binding of a peptide monomer and a peptide dimer to different interfaces. The region Asn15 to Ser37 is primarily hydrophobic and by analogy to HFBII is likely to be partially buried on dimerization in trSC3. In addition, when two copies of this peptide were simulated together, they rapidly dimerized suggesting that the peptide would also be a dimer in solution (see Materials and Methods).
Before investigating the behavior of the peptide at the different interfaces, control simulations were performed in water. Both peptide monomers (LPa and LPb) formed some ␤-sheet structure in water. As noted above, when placed together in a box, LPa and LPb rapidly (Ͻ1 ns) formed a dimer (LPa/LPb) which remained stable throughout the remainder of the simulation. The equilibrated dimer (LPab) showed an increase in ␤-sheet structure with respect to the monomers. ␣-Helix formation was observed only rarely during the simulation of dimer.
Four 100-ns simulations were performed at the two interfaces using LPa, LPb, LPa/LPb, and LPab as starting configurations. Rapid adsorption (Ͻ5 ns) to the interface was observed in most cases. At the air/water interface, both monomeric peptides (LPa, LPb) showed an increase in ␤-sheet content relative to the control simulations. The formation of ␣-helix was negligible. In contrast, both dimers showed some helix formation on binding (Fig. 10) . In addition, the binding of the two alternative dimer configurations (LPa/LPb, LPab) to the air/water interface resulted in an increase in intermolecular contacts between the two monomers relative to that in solution. On the solid surface, a large decrease in ␤-sheet content was observed in both monomers. Similar to the behavior observed at the air/water interface, helical structure was induced in both dimers on binding. However, the number of contacts between two monomers after initially increasing on binding, decreased progressively, as the peptides absorbed further onto the hydrophobic solid surface, leading to the dissociation of the dimers.
DISCUSSION
The most interesting feature of hydrophobins is that they are surface active and self-assemble into amphipathic membranes at hydrophobic/hydrophilic interfaces. In particular, SC3 has remarkable surface activity and forms highly insoluble, stable assemblies at interfaces. Because of its strong tendency to aggregate, the experimental determination of the three-dimensional structure of SC3 has so far not been possible. However, because SC3 is experimentally the best characterized of any of the class I or class II hydrophobins in terms of structure/function relationships, it has been possible to validate the results of the modeling and simulation studies performed in this work by comparison with a range of experimental data.
The model we propose for the structure of trSC3 in solution is compact, globular, and stabilized by a network of disulfide bridges analogous to that found in the crystal structure of class II hydrophobin HFBII. 29 Two disulfide pairs, Cys6 -Cys66 and Cys13-Cys60, link the N-and C-terminal regions of the protein limiting the flexibility of It is expected that this side of the protein would partition toward the more hydrophilic phase. The 34-residue loop from the third to fourth cysteine (Cys14, Cys47), which is one of the primary differences between class I and II hydrophobins, is located on the other face. 4, 11 In our proposed model for trSC3, this loop is exposed at the surface of the molecule. This loop is expected to be mobile and has a hydrophobic patch in the middle. It likely represents the site of primary interaction with a hydrophobic surface. The functional importance of this part is also suggested by the observation that class II hydrophobins, which have a much smaller loop between the third and fourth Cys (ϳ11 residues) and bind less tightly to hydrophobic surfaces. 1, 17, 57 Simulated in aqueous solution, the protein as a whole adopted mainly ␤-sheet and coil conformations, nevertheless short regions of helix did appear within the 14 -47 loop.
Because the sequence identity between HFBII and trSC3 is weak, the local structural details within the homology model of trSC3 are not expected to be highly accurate. However, the disulfide pattern and spacing within hydrophobins are highly conserved. It is thus very probable that trSC3 and HFBII have the same disulfide pairings and thus very likely that the trSC3 model has the correct global fold. For example, the homology model predicts that the trSC3 molecule is amphipathic. The two charged termini are located on one side of the trSC3 model whereas the hydrophobic 14 -47 loop is located on the other. Interestingly, such amphipathic character was recently shown experimentally by Joel Mackay and coworkers in regard to another class I hydrophobin, EAS.
Based on the proposed homology model of trSC3, the surface activity of this protein was examined by simulating the protein monomer at an air/water, an oil/water, and a hydrophobic solid/water interface. Two alternative configurations of trSC3, with similar overall folds, were selected from different stages of a simulation in water. These two structures were placed in different orientations with respect to the interface and simulated independently.
In general, both models of the protein attached rapidly to the different hydrophobic surfaces. At the air/water and oil/water interfaces, further structural rearrangements are observed after binding. This correlates well with the experimental observation that, at such interfaces, the intermediate ␣-helical state is only short-lived. A stable ␤-sheet state forms within minutes. 25, 26 Both of the trSC3 models tended to adsorb to the different interfaces via the 14 -47 loop. The protein bound most strongly to the solid surface, with the protein becoming immobilized upon binding. The number of contacts between the protein and the solid surface were greatest when the 14 -47 loop participated in binding. This again suggests an important role for this loop in binding. We also note that ␣-helical structure was only ever observed in the 14 -47 loop. During the adsorption of the protein to the three interfaces, an increase in the ␣-helix content in this loop with respect to that in the control simulation was observed, but only when this loop was involved in the attachment to the surfaces. This is again consistent with experimental data suggesting that the 14 -47 loop is responsible for the ␣-helical structure formation and is involved in the subsequent formation of the ␤-sheet state on both an air and an oil surface. 27 Hydrophobin SC3 is believed to be primarily dimeric in solution. 23 Dimeric SC3 has also been suggested to be the primary building unit for both aggregation in solution and self-assembly at hydrophobic/hydrophilic interfaces. 23 However, when bound to Teflon, FRET is not observed. This suggests that SC3 is essentially monomeric on such surfaces. 22 To address the question of whether binding might initially occur as a monomer or dimer, simulations were performed of a portion of the loop between the third and fourth Cys in solution, at an air/water and a hydrophobic solid/water interface. This region of the protein is believed to be critical to both dimer formation and binding to hydrophobic/hydrophilic interfaces. It was shown that when dimers of this peptide were allowed to bind to a solid surface, the dimers dissociated. Note, the model of trSC3, a class I hydrophobin, was predicted from the X-ray structure of HFBII, a class II hydrophobin. The current study assumes that the disulfide pairings are identical in both classes of hydrophobins. Another limitation to this work is that the simulations can only probe events on timescales of hundreds of nanoseconds. In addition, approximations were made in the construction of the hydrophobic surface. This does not correspond exactly to a specific set of experimental conditions. Despite these uncertainties, the current study yields qualitative agreements with a range of experimental observations. In particular, we show that the ␣-helical state of trSC3 can be induced in the early stages of adsorption on hydrophobic/hydrophilic interfaces. We also show that the substrate may preferentially attach to a hydrophobic surface via the loop region between the third and fourth Cys and that this region is critical for the formation of the ␣-helical state. Studies on this specific peptide fragment not only offered further evidence for surface activity of this region of the protein, but also indirectly supported the suggestion that dimeric SC3 dissociates on Teflon surface.
Combining what is known in regard to SC3 to date, it is reasonable to propose that the adsorption of SC3 onto hydrophobic solid surface involves the following steps: 1) SC3 (or trSC3) likely exists as dimer in solution with the hydrophobic patch in the loop between Cys14 and Cys47 being largely buried at the dimer interface; 2) SC3 would first bind to a hydrophobic solid surface as a dimer and then dissociate; 3) the separated monomers attach tightly to the surface and adopt the ␣-helical state; and 4) the subsequent assembly of the monomers into the final rodlet state, experimentally a very slow process, would thus depend on the diffusion and aggregation of individual monomers.
